In this work, the stress corrosion behavior of Mg-2 mass% Sn alloy in simulated body uid solution was systematically investigated to determine its performance in a physiological environment. The effect of equal-channel angular extrusion (ECAE) on stress corrosion behavior of Mg-2 mass% Sn alloy was investigated using three-point bending test. ECAE process changed both grain size and Mg 2 Sn second phase distribution. The average grain size under homogenization annealing condition (about 123.61 μm) was signi cantly reduced to 34.32 μm after four ECAE passes. Mg 2 Sn phase formed more uniformly both in the grains and along the grain boundaries with ECAE process. The average volume fraction of Mg 2 Sn phase increased with increasing passes. The microstructure became more homogeneous with further ECAE passes. In bent-beam stress corrosion test, the average crack depths of samples underwent ECAE process were signi cantly lower than that of sample under homogenization annealing condition. This showed that the ECAE process could reduce crack propagation rate. The enhancement of stress corrosion resistance is attributable to uniform second phase distribution and grain re nement via ECAE process.
Introduction
Mg alloys have shown potential to serve as bone implant materials due to their desirable mechanical properties [1] [2] [3] . Li et al. 4) revealed that the combination of high strength, light weight, and natural biodegradability renders magnesium alloys promising in orthopedic implants. Staiger et al. 5) indicated that magnesium-based implants have potential to serve as load-bearing applications with mechanical properties similar to natural bone, natural ionic with functional roles in biological systems, and degradation in body. However, rapid corrosion in vitro and in vivo presents insurmountable problems, early fast mechanical loss occurs before the formation of stable tissue 6) . Generally, maintaining mechanical properties at least 12 weeks before tissue healing is essential 7) . Thus it is necessary to control the corrosion rate to satisfy the clinical demands and to improve corrosion resistance of magnesium alloys in bioenvironment.
Mg-Sn binary system is an important system among Mgbased alloys. Addition of Sn content can increase mechanical properties through solution strengthening 8, 9) . Sn can also improve corrosion resistance. According to Zeng et al. 10) and Azizi et al. 11) , Sn element with a high hydrogen overpotential tend to make cathodic hydrogen evolution more dif cult. Boby et al. 12) reported that Sn addition improved the corrosion resistance of AZ91. The corrosion rate of AZ91 alloy shows 11.0 mm/year, whereas the corrosion rate reduces to 9.0 mm/year by 0.5 mass% Sn addition. In addition, Sn has generally been selected as the safe element for living body. Sn and its compounds are poorly absorbed and accumulated in human tissues 13) . Gu et al. 14) revealed Sn as a good alloying element for orthopedic magnesium alloy implants. From above, Sn is an effective alloying element for improving the corrosion resistance of Mg alloys in bioenvironment. For Mg-Sn system, many researches have shown that Sn content has a distinct in uence on the microstructure. In our previous research 15) , we studied on the effect of microstructure factors on stress corrosion behavior with 2, 5, and 8 mass% Sn addition. We found out that Mg-2 mass% Sn alloy showed better stress corrosion resistance. Since second phase causes substantial acceleration of micro-galvanic corrosion of the adjacent matrix phase. Thus, we choose Mg-2 mass% Sn alloy as the materials of this study. Also, in our previous research, we reported that the stress corrosion cracking (SCC) mechanism of the Mg-Sn samples was intergranular stress corrosion cracking (IGSCC). Cracks of IGSCC mode propagate along grain boundaries; the increase of crack propagation path is expected to enhance stress corrosion resistance. Equal-channel angular extrusion (ECAE) is a common method used to modify the microstructure of Mg alloys [16] [17] [18] . ECAE was rst developed in 1980s 19) . A die with two intersect channels is used as ECAE die. Samples store severe deformation energy when samples shear through the channel and achieve the results of changing the grain size. Janecek et al. 20) proposed that the grain-re nement mechanism for magnesium alloys processed by ECAE was dynamic recrystallization. ECAE process could enhance mechanical properties and corrosion resistance 21, 22) . Tsai et al. 23) revealed that the yield stress of Mg-2%Sn after four ECAE passes was about 3 times higher than that of as-cast sample. Jiang et al. 24) revealed that dynamic recrystallization attributed to lower corrosion current density correlated with larger number of ECAE pass. From the foregoing, ECAE is assumed to improve corrosion resistance.
The stress corrosion behaviors of Mg alloys are an important consideration. We choose three-point bending stress corrosion tests to investigate the SCC behavior in this study. Three-point bending test is commonly used because different loading conditions can be easily applied to the sample and can be used to investigate the crack growth path 25) . Despite a qualitative analysis of three-point bending test, many studies have simulated the stressed condition of implant in biological via three-point bending test 26, 27) . The application of magnesium alloys as biomaterial is a signi cant issue. Thus, we choose three-point bending tests to investigate the SCC behavior of the Mg-2 mass% Sn alloy.
We here report the results of the stress corrosion behaviors of Mg-2 mass% Sn samples with ECAE process in bioenvironment. Preparing specimens with various ECAE passes enabled us to investigate the effect of microstructure factors on stress corrosion resistance. The objective of this work was to study the enhancement of stress corrosion resistance via ECAE process.
Experimental Procedure

Materials
Magnesium ingots were prepared by melting Mg (99.95%) and Sn (99.98%). Mg-Sn alloy with Sn addition 2 mass percent was prepared. To simplify, the unit % indicated mass% unless speci cally indicated in this study. Mg-2% Sn alloy was fabricated in a crucible electric resistance furnace under the protective atmosphere of SF 6 gas. Samples for energy dispersive spectroscopy (EDS) analysis were cut from the middle of the ingots and the chemical composition result was list in Table 1 .
The overall phase structures of the test alloys were analyzed using X-ray diffraction (XRD, Bruker) with Cu Kα radiation. Scanning electron microscope (SEM) observations and EDS (JEOL JSM-6700F) analyses were performed to identify the phases. The average grain size and distribution of the second phase were determined via the Image Pro software. The average grain size was calculated using the linear intercept method.
Equal-channel angular extrusion process
To avoid experimental error, all samples were subjected to homogenization annealing before the ECAE process. The homogenization annealing heat treatment was carried out at 693 K for 6 h. Sample after homogenization annealing heat treatment is denoted as S2. Samples used for ECAE process were cut into the size of 15 mm × 15 mm × 70 mm. Figure 1 shows the cross-section gure of ECAE die. The ECAE was conducted by a die with a 120 angled channel through the die using the so-called Bc pressing route, in which the samples removed from the die and then rotated by 90 in the same direction between each pass. ECAE die was preheated for 573 K and maintained for 20 min before putting samples inside. All the samples were held in the ECAE die for 10 min to insure the entire sample reached the experimental temperature. Samples were extruded with the rate of 3.33 m/s. Samples underwent ECAE process for 2 and 4 passes are hereafter denoted as S2-N2 and S2-N4, respectively. Microstructures of all the specimens were examined by standard metallographic procedures.
Three-point bending test
A schematic of the setup used for the three-point bending stress corrosion tests is shown in Fig. 2 . The three-point bending test mold was made of polyoxymethylene. According to ASTM G39 standard and previous research 28) , plastic holders could avoid chemical reaction between holder and samples. However, it should be recognized that plastics tend to creep when subjected to sustained loads. If specimen holders or insulators are made of such materials, stress corrosion test should be in short-time tests. Samples for three-point bending test were cut into the size of 30 mm × 10 mm × 1.5 mm. The stress was applied by de ecting the sample. The applied stress was determined using the following equation 29) :
where σ is the maximum tensile stress, E is the elastic modulus, t is the sample thickness, y is the maximum de ection, and H is the distance between the outer supports. The mechanical properties are important for SCC test. Winzer et al. 30) revealed that no stress corrosion cracking was detected for applied stress below threshold stress. Avedesian et al. 31) reported that the SCC threshold stress was related to elastic limit and yield strength of an alloy. Miller 32) reported that the alloys, AZ91, AM61, and AS41, interpreted to show a SCC threshold at 40-50% yield strength in distilled water. Thus, from previous studies and our previous work 15, 23) , the applied stress was determined to 55 ± 5% yield strength and the elastic modulus of Mg-2Sn alloy was 45 GPa. Samples for the three-point bending tests were ground using silicon carbide abrasive papers to 4000 grit. The corrosion medium was simulated body uid (SBF) solution exposed to air at 310 K for 3 d. The SBF solution was composed of NaCl
, 10 mol/L HCl (3.9 ml/L), CaCl 2 (0.292 g/L), Na 2 SO4 (0.072 g/L) and TRIS (tris-hydroxymethyl aminomethane (6.118 g/L), with a pH of 7.4 33) . After various immersion times, the middle part of each sample was cut and subsequently mounted in epoxy resin for observation of its cross-section via optical microscopy and SEM.
Hardness test
The microhardness of S2, S2-N2, and S2-N4 sample was tested. The Vickers hardness values were averaged over 10 tests under each set of conditions. The load of hardness test was 100 g, and the holding time of test was 10 s (Future-Tech fm). Figure 3 shows the XRD pattern of Mg-2% Sn sample. The pattern indicates that the Mg-2% Sn sample consists of α-Mg and Mg 2 Sn phases. Figure 4 displays the microstructure of sample after homogenization annealing heat treatment. The second phase observed in Fig. 4 corresponds to the Mg 2 Sn phase and the average grain size of S2 sample was 123.61 μm. Figure 5 shows the microstructure of samples after ECAE process. Figure 5(a) shows the low magni cation optical micrograph of S2-N2 sample. From the gure, the microstructure is composed of two kinds of grains, the elongated large grains exist in a preferential orientation and the small equiaxed grains distribute along large grains. The large grains are elongated in the extrusion direction. Figure 5(d) shows the microstructure of S2-N4 sample. It shows that the microstructure of sample after four ECAE passes is more homogeneous grain-size distribution, only small amount of large grains maintained. The average grain size of S2-N4 sample was about 34.32 μm. Large amount of strain was accumulated by the repetition of ECAE processes. Then, dynamic recrystallization occurred in the area of high dislocation density, producing numerous ne grains. The results consist with previous research 34, 35) . The morphology and the volume fraction of Mg 2 Sn phase changes with ECAE passes. Mg 2 Sn morphology of S2 sample was spherical and mainly formed along grain boundaries. From Fig. 5(c), (f) , it shows that the volume fraction of second phase increases with increasing ECAE passes. Partial Mg 2 Sn phase dissolved into matrix during homogenization annealing heat treatment. Fine and uniform Mg 2 Sn particles precipitated during ECAE process at 573 K. Mg 2 Sn phase can be observed both in the grains and along the grain boundaries. Figure 5 (f) exhibited that more ne Mg 2 Sn particles precipitated through the dynamic precipitation during ECAE passes. The Sn content in matrix also changed during ECAE process, which reduced about 15-25%. However, in our previous research 15) , we have studied the effect of matrix Sn content on stress corrosion test. We revealed that the effect of matrix Sn from 2 to 8% on SCC was slight and could be ignored. Thus, in the case of this study, we propose that these two variables the average grain size and the presence of the Mg 2 Sn second phase affect the SCC behaviors.
Results and Discussions
Microstructure of Mg-2%Sn alloy after ECAE process
Hardness test
To investigate the in uence of microstructure on mechanical property, samples underwent hardness test. Figure 6 shows the microhardness increases with increasing ECAE passes. The increase of microhardness was attributed to both grain re nement and high second phase volume fraction. S2-N4 sample with smallest average grain size and high second phase volume fraction showed the highest hardness. The ECAE process could ef ciently increase hardness. Figure 7 shows the cross-section images of samples after bent-beam stress corrosion tests conducted for 1 d. As evident in the gure, the mechanism for SCC is intergranular stress corrosion cracking. From observing the cross-section image of samples underwent bent-beam stress corrosion test for 1 d, some discovers had to be discussed.
Three-point bending tests of Mg-2% Sn alloy
One is the distribution of cracks. The average crack density varied among S2, S2-N2, and S2-N4 samples. The average crack density refers to the number of cracks per millimeter. The observation length was 2 mm from the center of the sample. The average crack density increased during ECAE process. The average crack density for S2 sample was 0.72 cracks/ mm. The average crack density for samples underwent ECAE process increased signi cantly. S2-N4 sample had high average crack density, which was about 10.51 cracks/mm. The high crack density was attributed to the high volume fraction and uniform distributed Mg 2 Sn phase. Although S2 sample with small average crack density, it owned the largest average crack depth, about 81.23 μm. The average crack depth for S2-N2 and S2-N4 samples was 25.51 μm and 30.17 μm, respectively. The distance from the surface (vertical) to crack tip is called crack depth. The average crack depth signi cantly reduced after sample underwent ECAE process.
Another difference was the morphology of the corrosion product layer. The corrosion product was measured by EDS to further con rm the composition ( Table 2 ). The corrosion product was composed of the elements O, Ca, P and Mg. The presence of O and Mg was consistent with a corrosion product of Mg(OH) 2 , while the Ca and P were associated with the SBF solution 36) . Figure 7 shows that the corrosion product layer of S2-N4 sample is thick but uniform. The thick corrosion product layer on surface showed that S2-N4 sample might have higher corrosion rate in SBF solution. This can be attributed to the high average volume fraction of second phase for S2-N4 sample. During corrosion process, the surface of sample can be divided into micro-anode sites and micro-cathode sites. Mg 2 Sn can be regarded as the micro-cathode sites and magnesium matrix as the micro-anode sites. Mg 2 Sn phase induced micro-galvanic corrosion and increased corrosion rate 37) . Uniform corrosion product layer revealed that the corrosion mechanism of S2-N4 sample preferred to less localized corrosion. The homogeneous grain size and second phase distribution attributed to uniform corrosion product. Cao et al. 38) revealed that re ned microstructure and homogenous distribution of second phase in friction stir processing sample decreased the undercut effect during corrosion. This might be the main reason for the uniform corrosion morphology exhibited in friction stir processing sample. Our results were the same reason as the friction stir processing sample. Samples were under stress corrosion test for 3 d. The cross-section of each sample was imaged using SEM to measure the crack depth every 24 h. Figure 8 shows the crack propagation rate for each sample. The crack propagation rate is de ned as the average crack depth divided by time. It showed that the crack propagation rate of S2 sample was the highest. The average crack depths of S2-N2 and S2-N4 samples were approximately similar and were signi cantly lower than that of S2 sample. Our previous study showed the increasing corrosion rate was correlated with increasing volume fraction of second phase. Studies have also shown that a second phase will cause a galvanic effect and become stress-intensity areas 39, 40) . However, in this study, S2-N2 and S2-N4 sample with the high second phase volume fraction showed low crack propagation rate. This showed that the ECAE process could ef ciently reduce crack propagation rate and enhance stress corrosion resistance. The enhancement of stress corrosion resistance in this case is attributed to increasing crack propagation path due to grain re nement and homogeneous microstructure but decreasing the crack propagation rate. In this study, crack propagation path is the grain boundaries. Large amount of strain is accumulated by repeated ECAE passes, and form numbers of ne grains. To achieve same crack depth, cracks need to propagate longer path for sample with a smaller grain size than with a large grain size. ECAE process achieves the aim to reduce average crack depth. Uniform distribution and high volume fraction of second phase attributed to high cracking density. The interactions between cracks were complex. The interaction of cracks depends upon relative location of cracks, crack sizes, stress condition, etc. When the density of cracks is large, stress relief zone around each crack may be overlapped, and retard the crack propagation. Eberhardt et al. 41) and Wang et al. 42) implied that crack retardation might occur during crack interaction and shielding effect. From researches and the results, it was assumed that when the density of cracks is large, the interactions between cracks retarded crack propagation.
From the crack propagation rate of each samples, it showed that ECAE process ef ciently enhanced SCC resistance of Mg-2%Sn alloy. S2-N4 sample had high volume fraction of second phase but high SCC resistance. This was attributed to the ne grains and the uniform distributed Mg 2 Sn phase after ECAE process. The uniform corrosion product layer of S2-N4 samples showed the evidence of less localized corrosion.
Conclusions
(1) The grain size under homogenization annealing condition (about 123.6 μm) was signi cantly reduced to 34.3 μm after four ECAE passes. Mg 2 Sn morphology of S2 sample was spherical and mainly formed along grain boundaries; Mg 2 Sn phase formed more uniformly both in the grains and along the grain boundaries with ECAE process. The average volume fraction of Mg 2 Sn phase increased with increasing ECAE passes. The microstructure became more homogeneous with further ECAE passes. (2) In bent-beam stress corrosion test, the results showed that the ECAE process increased the average crack density but reduced the average crack depth. The high crack density of ECAE samples resulted in retardation of crack propagation. (3) S2-N4 sample with high Mg 2 Sn phase volume fraction attributed to thick corrosion product. Mg 2 Sn phase induced micro-galvanic corrosion; uniform second phase distribution resulted in uniform corrosion product. (4) The enhancement of stress corrosion resistance in this case is attributable to the uniform Mg 2 Sn phase distribution and re ned grains due to ECAE process.
